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Abstract 
 
The Aznalcóllar mine-tailing spill (25th April 1998) affected about 2700 ha of 
agricultural land. A sludge layer mainly composed of pyrite, arsenopyrite, 
sphalerite and galena covered Guadiamar riverbank soils. Severe As, Cd, Cu, 
Pb, Tl and Zn pollution was observed in most of the sludge-affected soils. The 
sludge layer was removed from the soil surface and sugar beet lime and organic 
matter material were applied. The soils affected by the mine spill of Aznalcóllar 
continued to exhibit elevated concentrations of As, Cd, Cu, Pb and Zn when 
compared to the background values of the Guadiamar valley soils. Total 
concentration of these elements increased in the soil after the remediation. This 
can be attributed to the remains of the sludge layer left on the surface of the soil 
and buried during sludge removal, liming and manuring. In all affected soils, 
EDTA extractable trace elements after remediation were also much higher than in 
non-affected soils of the same area. 
 
 
 
The Aznalcóllar mine-tailing spill (25th April 1998) affected about 2700 ha of 
agricultural land. Approximately 6 million cubic meters of slurry inundated both 
riverbanks of the Agrio and Guadiamar rivers. Slurry was composed of acidic 
water loaded with heavy metals and other toxic elements, and sludge consisting 
of finely divided metal sulphides: pyrite with arsenopyrite (75-80%) and sphalerite 
and galena (5%). A strip 40 km long and 300 m wide along both rivers was 
covered by a layer (0-30 cm thick) of black sludge. Severe trace element pollution 
(mainly As, Cd, Cu, Pb, Tl and Zn) was observed in the superficial layer (0-20 
cm) of most of the sludge-affected soils. Generally, in soils with more than 25% of 
clay, concentration of heavy metals below the 20-cm depth decreased to values 
close to the background level of the Guadiamar valley soils. In coarser soils, 
heavy metal pollution penetrated below this depth, being noticeable down to at 
least 50-80 cm. (Cabrera et al. 1999).  
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Remediation started soon after the accident and consisted of: 1) removal of 
sludge from the surface soil together with a layer of soil of ca. 10 cm; 2) disk 
harrowing (20 cm) to mix soil within the ploughed depth; 3) application of 
amendments such as sugar beet lime, Fe-rich red soil, compost and manure. The 
application rate of sugar beet lime depended on the degree of pollution in the soil 
and ranged from 20 to 60 Mg ha-1. Red soil was applied according to the As 
concentration of the soils and ranged from 500 to 900 Mg ha-1. Compost or 
manure was applied throughout the affected soils at a rate of 15-20 Mg ha-1 
(Antón-Pacheco et al. 2001; Oficina Técnica del Corredor Verde del Guadiamar, 
2000). 
 
To determine the effectiveness of 
the remediation, this paper 
compiles results obtained in the 
IRNAS from different studies on 
trace metal content in soil after 
sludge removal and subsequent 
remediation 
 
Material and methods 
 
Three strategies were developed 
for the sampling of soil in the 
Guadiamar river valley: 1) intensive 
sampling in different patches of soil 
(0-20 and 20-40 cm) after sludge 
removal in the north section of the 
river valley carried out in October-
December of 1998; 2) extensive 
sampling in agricultural soil (0-25 
cm) and in soil of the riparian forest 
of the river valley (0-25 and 25-40 
cm) in October 1999 and January  
2000 respectively, after sludge 
withdrawal and the application of 
amendments; 3) intensive soil 
sampling (0-10, 10-20 and 20-30 
cm) in two 10-ha plots of the middle 
(Lagares) and south (Quema) sections of the river valley; samples were collected 
first after the application of sugar beet lime (July 1999) and second after the 
application of organic matter materials (July 2000). Figure 1 shows the locations 
of the sampling areas. 
 
Soil samples were air-dried, crushed and sieved through a 2-mm sieve and then 
ground to <60 µm. Total trace elements and sulphur were determined by ICP-
OES after digesting soil samples (<60 µm) with aqua regia in a microwave oven. 
The recoveries against the BCR reference sample CRN 277 were: 83% As, 66% 
Cd, 103% Cu, 72% Pb and 93% Zn. Total trace elements were calculated on a 
dry weight basis using the above recovery factors. “Available” trace metals were 
estimated in <60 µm soil samples extracted with EDTA (Quevauviller et al. 1999). 
Figure 1.  Affected zone location and  
sampling areas. 
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Table 1. Mean values of CaCO3, pH, total trace metal and S in soils of north 
Guadiamar (37º24’-37º28’N 06º12’-06º14’W). 
 
depth  pH CaCO3 As Cd Cu Pb Zn S 
cm   g kg-1 mg kg-1 
  Typic Xerofluvent calcareous (n=6) 
0-20 mean 7.5 104 50.5 3.10 211 138 687 1435 
 SD 0.1 82 29.0 3.00 167 122 518 846 
20-40 mean 7.4 53 61.8 2.87 245 126 685 3004 
 SD 0.5 65 32.0 2.74 201 54 543 1175 
  Typic Xerofluvent non-calcareous (n=23) 
0-20 mean 4.7 <DL 83.0 1.12 105 220 322 3855 
 SD 1.1  72.0 0.87 82.1 277 238 5284 
20-40 mean 5.4 <DL 110 0.69 94.4 239 189 2883 
 SD 1.1  331 1.31 131 782 300 9916 
  Typic Xerochrept (n=11) 
0-20 mean 4.5 <DL 161 1.32 111 367 351 8712 
 SD 1.1  257 1.41 82.7 566 299 16071 
20-40 mean 5.1 <DL 229 1.76 119 533 350 10332 
 SD 1.0  648 4.09 218 1510 788 32068 
  Calcixerollic Xerochrept (n=5) 
0-20 mean 7.5 125 25.7 0.42 25.9 73.5 128 1458 
 SD 0.1 48 23.2 0.21 13.5 2.8 59.5 1421 
20-40 mean 7.6 121 12.4 0.26 19.8 11.4 82.9 684 
 SD 1.0 56 8.4 0.05 8.5 2.5 13.5 782 
    Mean values before remediation* 
0-20    31.8 1.02 58.1 118 310 - 
20-40    15.1 0.24 22.5 47.2 75.5 - 
North Guadiamar background* 9.8 0.18 15.7 23.1 63.4 - 
Guadiamar background* 18.9 0.33 30.9 38.2 109 - 
 
Statistical analysis was performed by the ANOVA procedure and paired Student’s 
t-test (p<0.05). 
 
 
Results and discussion 
 
Soil surveyed after sludge removal in the north Guadiamar valley in an area close 
to the tailings-dam (37º24’-37º28’N 06º12’-06º14’W) detected four major soil 
units: Typic Xerofluvent calcareous, Typic Xerofluvent non-calcareous, Typic  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Xerochrept and Calcixerollic Xerochrept. Results of intensive sampling carried 
out in several patches of these soils showed that the degree of trace element 
pollution was independent on the type of soil (Nagel, 2000). Table 1 shows mean 
and standard deviation values of trace elements and S in each type of soil. 
Standard deviations were very high due to the high spatial variability and thus 
differences between values in surface (0-20 cm) and subsurface (20-40 cm) 
layers were not significant. Mean values of trace metals were generally much 
higher than background values of non-polluted soil in the Guadiamar river valley 
 36 
(Cabrera et al. 1999); one exception was mean values of the subsurface layer of 
the Calcixerollic Xerochrept. In many cases, mean values of trace elements were 
higher than those found before the removal of sludge deposited on the soil 
surface. This anomaly seems to be due to the sludge left behind on the soil 
surface and buried in the soil during sludge removal. The presence of sludge 
could be observed with the naked eye in the field and in the soil samples. A 
survey of the Instituto Geominero de España (1999) carried out after sludge 
removal reported that 75% of the soil samples still contained up to 5% sludge at 
0-10 cm depth, while this proportion decreased down to 0.68% at 10-25 cm. 
Following our sampling, the area was subjected to two further cleaning 
operations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2 shows results of a soil sampling carried out to study the accumulation of 
trace elements in above ground organs of bermuda grass (Cynodon dactylon L.), 
growing naturally in remediated soils of Guadiamar floodplain formerly devoted to 
agriculture (Madejón et al. 2002). Table 3 shows results of a soil sampling 
performed to study the use of white poplar (Populus alba L.) as a biological trace 
metal indicator in soils of Guadiamar riparian forest affected by the spill (Madejón 
et al. 2001). In both tables the first sampling area (Gerena), located upstream 
from Aznalcóllar mine and away from the effect of the mine-spill, was used as 
control. In Table 2, soil samples from the second sampling area (Soberbina) were 
not affected by the spill, and also used as control.  
 
 
 
Table 2. Mean values of pH, total trace elements and S in agricultural soils (0-
25 cm) of Guadiamar (n=3). 
 pH As Cu Pb Zn S 
  mg kg-1 
Gerena1 7.80 10.3 a 9.31 a 21.0 a 43.1 a 127 a 
Soberbina2 7.57 5.28 a 15.1 a 20.3 a 44.7 a 333 a 
Doblas3 7.98 500 b 288 b 881 b 1045 b 2354 b 
Aznalcázar4 7.68 95.1 a 132 ab 221 a 541 ab 3547 a 
Quema5 8.07 210 a 191 ab 496 ab 726 b 9873 a 
1 37º31’04”N 06º11’19”W; 2 37º27’01”N 06º12’22”W; 3 37º23’47N 06º13’36”W; 
 
4   37º18’10”N 06º15’40”W; 5  37º14’46”N 06º15’52” W 
Values followed by the same letter in the same column do not differ significantly (p<0.05). 
Table 3. Mean values of pH, total trace metals and S in soils of the riparian 
forest of Guadiamar (n=6). 
 pH As Cu Pb Zn S 
  mg kg-1 
 0-25 cm 
Gerena1 7.99 13.4  a 14.1  a 29.6  a 52.7  a 216  a 
Soberbina2 4.95 164  ab 182  bc 721  b 486  ab 3398  a 
Doblas3 7.56 103  ab 219  bc 301  ab 887  bc 5016  ab 
Lagares4 7.60 124  ab 147  abc 204  ab 341  a 4626  a 
Aznalcázar5 7.26 307  b 252  c 761  b 956  c 16308  b 
Quema6 7.38 108  ab 75.2  ab 256  ab 451  ab 6024  ab 
 25-50 cm 
Gerena 7.99 14.1  a 12.8  a 27.2  a 46.7  a 139  a 
Soberbina 4.63 105  c 172  abc 238  b 201  a 1403  bc 
Doblas 7.62 69.5  b 312  c 296  b 1008  c 1728  bc 
Lagares 7.49 72.4  b 153  abc 138  ab 280  a 1233  bc 
Aznalcázar 7.32 110  b 217  bc 303  b 772  bc 4898  c 
Quema 7.55 15.8  ab 64.9  ab 55.6  a 367  ab 872 b b 
1
 37º31’39”N 06º11’19”W; 2 37º31’39”N 06º11’01”W; 3 37º23’45”N 06º13’35”W; 
4
 37º22’25”N 06º13’39”W; 5 37º18’12”N 06º15’38”W; 6 37º14’46”N 06º15’51”W  
Values followed by the same letter in the same column for the same soil depth do not differ 
significantly (p<0.05). 
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Both tables show that mean values of total As, Cu, Pb, Zn and S in remediated 
soils of affected areas were much higher than in those used as control. In both  
soil samplings mean values of available trace elements, determined as 
extractable with EDTA, were much higher than values in the areas used as 
control (Figure 2). 
 
Tables 4 and 5 show mean values of trace elements in soils of Lagares 
(37º21’50”N 06º13’50”W) and Quema (37º14’47”N 06º15’55”W), after the sludge 
removal and liming with 20 Mg ha-1 of sugar beet lime. Mean values of total 
concentrations of trace metals and S at any of the three depths studied in soil of 
the two areas still were greater than background values (Cabrera et al. 1999). 
Both areas exhibited high spatial variability and high values of some trace 
elements and S. As above, these anomalies seem to be caused by sludge 
remains left on the soil after cleaning works. Sludge remains were randomly 
distributed on the soil surface and buried in the soil during liming and harrowing.  
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Figure 2. Mean values of available (EDTA-extractable) trace elements in 
agricultural and riparian forest soils of Guadiamar river valley. 
Table 4. Mean values of pH, total trace metals and S (before and after 
remediation) in soil of the middle section of Guadiamar valley (Lagares W 
37º21’50”N 06º13’50”W) (n=40). 
depth  pH As Cd Cu Pb Zn S 
cm   mg kg-1 
  Mean values after remediation 
0-10 mean 7.44 138 2.01 110 296 475 6247 
 SD 0.40 167 0.58 119 320 362 7832 
10-20 mean 7.55 47.9 <DL 68 118 212 1866 
 SD 0.28 51.6  73 122 171 2624 
20-30 mean 7.67 28.2 <DL 53 71 135 556 
 SD 0.16 21.6  54.2 54 107 320 
  Mean values before remediation* 
0-10   25.8 1.64 37.4 74.9 623  
10-20   19.4 0.37 22.3 49.8 131  
20-30   18.1 0.24 22.5 47.2 75.5  
Lagares background* 13.5 0.24 19.2 23.7 64.9  
Guadiamar background* 18.9 0.33 30.9 38.2 109  
SD, standard deviation; DL, detection limit; *Cabrera et al. (1999). 
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Consequently, individual and mean values of certain trace elements after 
remediation were even greater that those found by Cabrera et al. (1999) after the 
spil. 
 
After liming and manuring mean values of available (EDTA-extractable) trace 
elements in surface soils (0-10 cm) in both areas were greater than values in 
non-affected soils of the same area (Figure 3). In Lagares, a decrease of mean 
values of available-As, -Cd and -Cu was observed after manuring (second 
sampling), while mean values of available-Fe and -Zn increased. In Quema, all 
the mean values of available trace elements, except As, increased after 
manuring. Nevertheless statistical differences between values after liming (first 
sampling) and after manuring (second sampling) were non-significant, except for 
As in Quema.  
 
Results obtained in different scenarios studied in the present paper show that 
after remediation (sludge removal from the soil surface and application of lime 
material and organic matter material) total concentration of As, Cu, Pb and Zn in 
Figure 3. Mean values of available (EDTA-extractable) trace metals in soils of 
middle (Lagares) and south sections (Quema) of Guadiamar river valley.  
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Table 5. Mean values of pH, total trace metals and S in soil (before and after 
remediation) in the south section of Guadiamar valley (Quema 37º14’47”N 
06º15’55”W) (n=40). 
depth  pH As Cd Cu Pb Zn S 
cm   mg kg-1 
  Mean values after remediation 
0-10 mean 7.37 57.6 2.29 102 147 433 2634 
 SD 0.10 40.7 0.83 36 100 153 2060 
10-20 mean 7.76 33.5 1.77 99 90 297 587 
 SD 0.09 12.0 0.06 43 31 123 407 
20-30 mean 7.80 34.7 <DL 98 89 247 519 
 SD 0.08 15.6  51 33 119 625 
  Mean values before remediation* 
0-10   32.3 1.24 114 85.9 429 697 
10-20   35.4 0.92 132 94.7 416 614 
20-30   33.6 0.97 92 97.7 311  
Quema background* 27.0 0.50 47 55 160  
Guadiamar background* 18.9 0.33 30.9 38.2 109  
SD, standard deviation; DL, detection limit; *Cabrera et al. (1999).  
                                                                                                        Chapter1 -  Terrestrial ecosystem 
 39 
soil was still greater than background values of the Guadiamar valley soils. Many 
of these values exceed the Maximum Acceptable Concentrations (MAC) in 
agricultural soils: As 2-50 mg kg-1, Cd 1-15 mg kg-1, Cu 23-125 mg kg-1, Pb 20-
2000 mg kg-1, Zn 70-400 mg kg-1 (Kabata-Pendias and Pendias, 1992). In many 
cases it was found that total concentration of these elements increased after 
remediation. This increase can be related to remains of sludge left on the surface 
of the soil and buried during sludge removal, liming and manuring. After liming 
and manuring, the availability of trace elements was still much higher in affected 
soils than in non-affected soils of the same area. 
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